Oviductin or OVGP1, also known as oviduct-specific glycoprotein, has been shown to enhance sperm capacitation in addition to its other beneficial effects on fertilization and early embryo development. We hypothesized that estrus stagespecific hamster oviductin (eHamOVGP1) can potentiate the enhancement of tyrosine phosphorylation of sperm proteins during capacitation. Immunofluorescent staining and confocal microscopy as well as immunocytochemistry and surface replica technique localized tyrosine-phosphorylated proteins to the equatorial segment and midpiece after incubation of hamster sperm in capacitation medium in the presence or absence of eHamOVGP1. Increase of tyrosine phosphorylation level in the equatorial segment occurred as early as 5 min after incubation in the presence of eHamOVGP1. Immunostaining for eHamOVGP1 further increased upon prolonged incubation of sperm in medium containing the glycoprotein. Regardless of the presence or absence of eHamOVGP1, phosphotyrosine expression was observed along the tail, particularly at the midpiece. Western blotting of NP40-extracted sperm proteins (25, 37, and 44 kDa) and NP40-non-extractable sperm proteins (70, 83, 90 kDa) showed increased immunolabeling intensity after 5, 60, 120, and 180 min of capacitation in the presence of eHamOVGP1. Mass spectrometric analysis identified several proteins of functions known to be involved in metabolic pathways responsible for enhancement of tyrosine phosphorylation in its presence. The present investigation provides evidence that eHamOVGP1 regulates the expression of protein tyrosine phosphorylation in sperm capacitated in vitro, further supporting an important role of the presence of OVGP1 in the oviductal milieu during the process of fertilization.
INTRODUCTION
Oviductin (OVGP1), also known as oviduct-specific glycoprotein or Muc 9, has been identified and characterized in many mammalian species, including the human [1] . Previous results obtained with in vitro functional studies in various mammalian species indicate an important role played by OVGP1 in sperm function, sperm-egg interaction, and early embryo development. Specifically, OVGP1 has been shown to increase the motility and viability of sperm [2] and enhance sperm capacitation and fertilizing capacity [3] . Addition of OVGP1 in the incubation medium was shown to increase sperm-egg binding and penetration rates [4, 5] and decrease polyspermy [6] [7] [8] . OVGP1 has also been shown to increase cleavage rates of early embryos [6] [7] [8] and increase the number of embryos reaching the blastocyst stage [7] [8] [9] . Results from a previous study showed that upon the release of OVGP1 into the oviductal lumen in the pig and cow, the glycoprotein becomes associated with the zona matrix of postovulatory oocytes, establishing a barrier to polyspermy [10] . A recent study carried out in the goat has shown that addition of goat OVGP1 in the culture medium delayed the digestion by pronase of the zona pellucida of in vitro-matured goat oocytes [8] . However, deletion of the OVGP1 gene in mice was shown not to affect fertility [11] . It is noteworthy to mention that unlike what was found in other mammalian species, including the human, in which OVGP1 was detected throughout the zona pellucida surrounding the postovulatory oocytes, a previous study showed that mouse OVGP1 was localized to the perivitelline space instead [12] , although a latter study using an antibody against human oviductin showed cross-species immunoreaction in the zona pellucida of mouse postovulatory oocytes [13] . The in vitro functional properties of mouse OVGP1 have not been explored to date.
Our laboratory has a long-standing interest in elucidating the role of OVGP1 in reproductive function using the hamster as an animal model. Earlier studies demonstrated the intracellular localization and biosynthesis as well as the secretory pathway of hamster oviductin (HamOVGP1) [14] [15] [16] and its association with the postovulatory oocytes and early embryos [14, 17] . HamOVGP1 is an N-and O-linked glycoprotein that undergoes cyclic variation of glycosylation during the estrous cycle, with maximal glycosylation occurring at the time of estrus [18, 19] . Our previous studies showed that HamOVGP1 mRNA and protein expressions are not hormonally controlled, whereas its glycosylation process is differentially regulated throughout the estrous cycle, suggesting that HamOVGP1 is fully glycosylated at estrus [18, 19] . A later study showed that the binding of HamOVGP1 to the equatorial segment region of hamster sperm and the binding of oviductin to the sperm membrane covering this domain increased during capacitation [20] .
More than half a century ago, studies conducted independently by Austin [21] and Chang [22] confirmed that exposure of mature sperm to the oviductal environment brought about the changes necessary for sperm to fertilize an ovulated oocyte, a process known as capacitation. Capacitated sperm is characterized by hyperactivated motility [23] and phosphorylation of sperm proteins, which was first reported by Leyton and Saling [24] and later by others [25] [26] [27] [28] [29] . Mammalian sperm undergo various modifications during maturation, including protein phosphorylation, in order to attain full function [30] . There is a close association between protein tyrosine phosphorylation and capacitation in various mammalian species examined to date including the mouse [25, 26] , boar [31] , bull [32] , hamster [33] , dog [34] , and human [35, 36] . Although OVGP1 has been shown to increase sperm capacitation as measured by the subsequent acrosome reaction [3] , the mechanism underlying the increase is not known.
Based on the results obtained from in vitro functional studies with OVGP1 from various species together with previous and recent findings from our laboratory, we hypothesize that estrus stage-specific HamOVGP1 (eHamOVGP1) can enhance sperm capacitation through potentiating the increase of tyrosine phosphorylation of sperm proteins. Our results showed, for the first time, the ability of HamOVGP1 to enhance sperm capacitation by increasing tyrosine phosphorylation of sperm proteins important for the process of reproduction. The present findings also suggest that inclusion of OVGP1 in capacitation-supportive media may be beneficial for achieving better success rates for in vitro fertilization in the laboratory and in the clinics.
MATERIALS AND METHODS

Animals
Golden hamsters (Mesocricetus auratus) were purchased from Harlan Sprague Dawley, Inc. Female hamsters were 6-8 wk of age and housed in a temperature-controlled room with exposure to light 12 h/day (0600-1800 h). They were examined for vaginal discharge indicative of the metestrus stage of the estrous cycle. Females were allowed to complete four to five cycles to establish regularity. Male hamsters 7-9 wk of age were housed under the same conditions. All experiments were carried out in accordance with the guidelines of the Canadian Council on Animal Care. The University Animal Care Committee of Queen's University approved all experimental procedures.
Lectin-Affinity Purification of HamOVPG1
HamOVPG1 prepared from the estrus stage of the estrous cycle was used in the present study. The selection of the eHamOVGP1 was based on the premise that HamOVGP1 from the estrus stage is fully glycosylated [18, 19] and presumed to be fully functional as compared to oviductin from other stages. Estrus stage-specific HamOVGP1 was purified by the lectin-affinity purification procedure previously described [37] and was used successfully in our previous studies [15] [16] [17] . Oviducts from 24 female hamsters were used for the purification of eHamOVGP1. Silver-stained PAGE preparation of lectinaffinity-purified eHamOVGP1 yielded only one polydispersed band of 160-350 kDa (Supplemental Fig. S1 , available online www.biolreprod.org), corresponding to the molecular mass of HamOVGP1 reported in our previous studies. This indicates the purity of the eHamOVGP1 used in the present study.
Collection and Capacitation of Sperm
Male hamsters at 7-9 wk of age were anesthetized with an i.p. injection of 150 ll sodium pentobarbital and then euthanized by cervical dislocation, and the epididymides were excised. For each capacitation experiment, two male hamsters were used. The epididymides were placed in mineral oil extracted with TL-PVA, a modified Tyrode medium [38] . The caudal region was punctured with a 23-guage needle, and the sperm were allowed to seep into the TL-PVA-extracted mineral oil. The caudal epididymal sperm were considered viable if .80% of the cells displayed normal morphology and motility when examined under an inverted light microscope. Sperm were diluted in modified TL-PVA. Cell counting was performed using the Bright Line Counting Chamber (Hausser Scientific). For each experiment, 4 3 10 6 cells were used per sample, and each experiment was repeated in triplicate. The capacitation medium was prepared and equilibrated at 378C with 5% CO 2 in air in a humidified incubator as previously described [38] . Sperm were capacitated in the presence or absence of 60 lg/ml of eHamOVGP1, previously determined to be the optimal concentration for successful sperm capacitation for various time points (5, 60, 120, and 180 min). Based on our routine work with hamster oviducts, the concentration of OVGP1 in each collection and preparation of oviductal fluid from oviducts averaged about 81.30 6 3.14 lg/ml. Therefore, the use of 60 lg/ml of eHamOVGP1 in the present study is within the range that is found in vivo. The earliest time point was designated as 5 min instead of 0 min in the present study simply for the reason that the sperm would have been exposed to capacitation medium in the presence of eHamOVGP1 for up to 5 min before they were further processed. Prior to incubation, motility factors including penicillimine (8.0 mM), hypotaurune (40.0 mM), and epinephrine (1.0 mM) were added to the samples and then overlaid with TL-PVA-extracted mineral oil. All samples were incubated at 378C in 5% CO 2 .
Localization of Tyrosine-Phosphorylated Sperm Proteins Using Confocal Microscopy
Sperm were capacitated as mentioned above in the presence or absence of 60 lg/ml of eHamOVGP1. At 5 and 180 min, samples were removed from the incubator, smeared on glass slides, and allowed to air dry completely. To localize immunoreaction to specific regions, some samples of sperm were ''chemically dissected'' with 1% NP-40 (2 h) after capacitation in the absence of eHamOVGP1 at 5 and 180 min. After treatment with detergent, the samples were centrifuged (600 3 g for 1 min) at 48C, washed with 0.01 M PBS, and allowed to air dry on glass slides. The cells were fixed for 1 h at room temperature in a solution of 3% paraformaldehyde and 0.1% glutaraldehyde in 0.1 M cacodylate buffer containing 0.2 M sucrose. After being washed twice with 0.01 M PBS and blocked overnight in 2% bovine serum albumin (BSA) at 48C, the slides were incubated with monoclonal anti-phosphotyrosine antibody (1:1000; Clone 4G10; Millipore) for 1 h at room temperature. All successive steps were performed in the dark. The slides were washed with 0.01 M PBS and incubated for 45 min at room temperature with goat anti-mouse IgG conjugated to fluorescein isothiocynate (GAM-FITC) in a 1:300 dilution. After washing and air drying, coverslips were placed on the top of the cell samples using nonfluorescent mounting medium and sealed with nail varnish. For controls, slides were incubated with GAM-FITC alone. The slides were viewed under a confocal microscope (Leica SP2 AOBS; Leica).
Ultrastructural Localization of Tyrosine-Phosphorylated Sperm Proteins by Immuno-Electron Microscopy and Quantification of Immunoreaction
Sperm were collected and capacitated for 5 and 180 min and then fixed with a mixture of paraformaldehyde and glutaraldehyde as described above. Sperm were washed by repeated centrifugation and resuspension and then blocked in 0.05 M glycine followed by 1% ovalbumin for 10 min each at room temperature. The cells were then washed and resuspended in 0.01 M PBS/0.1% BSA containing monoclonal anti-phosphotyrosine antibody (1:500) for 2 h at room temperature. After being washed and blocked, the cells were incubated with a protein A-gold complex (10 nm in diameter, dilution 1:5 in 0.01 M PBS) for 1.5 h at room temperature. After washing, the cells were transferred into a solution of 30% BSA that was subsequently cross-linked with 2.5% glutaraldehyde in 0.01 M PBS to form a hardened gel keeping the sperm cells in place. The BSA gels containing the sperm were then further processed and embedded in Epon (Sigma-Aldrich) for electron microscopy following routine procedures. Ultrathin sections of Epon-embedded sperm samples were prepared and counterstained with aqueous uranyl acetate and lead citrate and then examined on a Hitachi 7000 (Hitachi) electron microscope operated at 75 kV.
For quantifying the immunoreaction on ultrathin sections, the numbers of gold particles over cross-sectional profiles of sperm incubated in capacitation medium in the presence or absence of eHamOVGP1 for 5 and 180 min were counted. The areas of the equatorial segment and midpiece of the sperm cells were measured with a digitizer (MITABLET-II; Graphic Corp.) connected to a computer. Labeling densities are expressed as number of gold particles per micrometer squared. The averages of gold particles from 10 representative images prepared from each experimental condition were used for quantification of immunoreaction in both the midpiece and equatorial segment region. Statistical analysis was performed using the Student two-tailed t-test.
Preparation of Surface Replicas of Immunogold-Labeled Sperm and Quantification of Immunoreaction
Caudal epididymal sperm were prepared and capacitated for 5 and 180 min in the presence or absence of eHamOVGP1. At the designated time point, SACCARY ET AL. sperm samples were collected and washed as described above. The sperm samples were fixed and then labeled with monoclonal anti-phosphotyrosine antibody followed by incubation with protein A-gold complex in the same manner as described above. Control samples were labeled with protein A-gold complex alone. Droplets of the fixed, labeled cells and controls were placed on formvar-coated nickel grids (200 mesh) and allowed to air dry completely. Platinum-carbon replication of the air-dried, labeled sperm samples by electron beam gun evaporators was carried out in the chamber of a Balzers 400D freezefracture unit (Balzers Corp.), and the resulting replicas were further processed and mounted on copper grids (75 3 300 mesh) as described previously [20] . The grids carrying the replicas were examined on a Hitachi 7000 electron microscope operated at 75 kV. For quantifying the immunoreaction revealed on the surface replicas, the numbers of gold particles over surface profiles of sperm incubated in capacitation-supportive medium in the presence or absence of eHamOVGP1 for 5 and 180 min were counted and quantified in the same manner as described for quantitation of immunoreaction over ultrathin sections.
SDS-PAGE and Western Blot Analysis of TyrosinePhosphorylated Sperm Proteins
At each designated time point (i.e., 5, 60, 120, and 180 min), sperm samples prepared as described above and incubated with or without eHamOVGP1 were removed from the incubator and centrifuged (600 3 g for 5 min) after the addition of 0.2 M sodium orthovanadate. After being washed, the resulting pellet was resuspended in 1% NP-40 and incubated overnight at 48C. After incubation and centrifugation, two fractions were obtained: 1) the extractable fraction (supernatant) containing the acrosomal contents, plasma membrane, inner and outer acrosomal membranes (OAM and IAM, respectively), and loose cytoplasm of the tail, and 2) the nonextractable fraction (pellet) containing the cytoskeletal elements of the tail and head. Sperm protein samples (40 ll containing 60 lg protein) from each fraction were subjected to SDS-PAGE. Proteins were then transferred to a polyvinylidene fluoride membrane for 2 h and blocked overnight at 48C in a 5% low-fat milk solution in Tris-buffered saline þ Tween 20. After blocking, the membrane was incubated with monoclonal anti-phosphotyrosine antibody (1:3000 dilution in 5% low-fat milk) for 1 h at room temperature, followed by labeling with rabbit-anti-mouse IgG conjugated to horseradish peroxidase (1:1000) for 1 h at room temperature. Detection of tyrosine-phosphorylated proteins was performed using Western Lightening Chemiluminiscence Reagents (Roche). The density of the bands was measured using Image J software (http://rsbweb.nih.gov/ij/). Statistical analysis was performed using the Student two-tailed t-test. As a control, sperm were incubated in a nonsupportive capacitating medium and then processed for Western blot analysis as described above. The nonsupportive capacitating medium was similar to that of the capacitating medium but with the omission of calcium, bicarbonate, and BSA [39] .
Immunoprecipitation of Tyrosine-Phosphorylated Sperm Proteins and Protein Identification by Mass Spectrophotometry
Sperm cells were capacitated for up to 180 min following the procedures described above. At the designated time point, the cells were collected, processed, and separated into extractable and non-extractable fractions after incubation in 1% NP-40 overnight at 48C. For the release of some proteins from the non-extractable fraction, solubilization in a lysis buffer containing 25 mM Tris-HCl, 1 mM ethylenediaminetetraacetic acid, 150 mM NaCl, 0.1% Triton X-100, 10% glycerol, 1 mM NaN 3 , 1 mM dithiothreitol (DTT), 1 mM PMSF, 0.1 mg/ml leupeptin, and 0.05 mg/ml aprotinin was required. The total protein concentration of each fraction was measured using the Bio-Rad Protein Assay (Bio-Rad). Immunoprecipitation was performed on each fraction using the Catch and Release Phosphotyrosine clone 4G10 Immunoprecipitation Kit (Upstate) according to the manufacturer's protocol. Proteins from whole extractable and non-extractable fractions and immunoprecipitated extractable and non-extractable fractions were separated on a 10% SDS-PAGE. Bands of interest revealed by Coomassie blue staining were carefully excised. Proteins in each band were reduced with 10 mM DTT and incubated in 55 mM iodoacetamide. In-gel digestion was performed using 50 ng trypsin (Roche) in 25 mM (NH 4 )HCO 3 at 378C overnight, and the resulting peptides were extracted twice with 0.1% trifluroacetic acid (TFA) and 60% acetonitrile/0.1% TFA and subsequently dried on a Savant SpeedVac (Thermo Fisher Scientific). The samples were then dissolved in 0.1% formic acid and analyzed by matrixassisted laser desorption/ionization (MALDI) mass spectrometry (MS) and tandem MS (MS/MS). MALDI data were acquired by an AB Sciex QStar XL quadrupole time-of-flight (QqTOF) mass spectrometer equipped with an oMADI II source and a nitrogen laser (AB Sciex) operating at 337 nm. After MALDI MS mapping, the peptide sequences of the samples were identified by MS/MS measurements using argon as the collision gas. The peptide fingerprinting masses were searched by MS-Fit program against the NCBI database using Protein Prospector at the University of California, San Francisco, website (http://prospector.ucsf.edu), whereas the MS/MS ion search on each tandem mass spectrum was performed through Mascot search engine (MatrixScience; http://www.matrixscience.com). These searches had taken into account of up to two missed trypsin cleavage sites, and the common modifications of methionine oxidation, carbamidomethylation, aspargine, and glutamine deamidation to asparate acid and glutamic acid, N-terminal pyroglutamation. The mass tolerance between calculated and observed masses used for the database search was considered at the range of 6100 ppm for MS peaks and 60.2 Da for MS/MS fragment ions.
RESULTS
Immunolocalization of Tyrosine-Phosphorylated Sperm Proteins by Confocal Microscopy
In sperm capacitated for 5 min with the omission of eHamOVGP1, the plasma membrane overlying the equatorial segment region of the sperm head and midpiece showed an intense immunostaining, whereas a weaker immunoreaction was detected over the principle piece (Fig. 1 ). In the presence of eHamOVGP1, sperm capacitated for 5 min displayed the same labeling pattern but with a more intense and evenly distributed immunoreaction along the midpiece (Fig. 1) . After 180 min of capacitation in the absence of eHamOVGP1, an immunoreaction was observed along the midpiece similar to that of the 5-min time point in its absence, but the immunostaining intensity appeared weaker over the equatorial segment region (Fig. 1) . In comparison, sperm capacitated for 180 min in the presence of eHamOVGP1 showed an intense immunoreaction over the midpiece and principle piece (Fig. 1) . Labeling of the equatorial segment was maintained at 180 min in the presence of eHamOVGP1 (Fig. 1) . This time-dependent increase in protein tyrosine phosphorylation is consistent with previous observations [30, 40] . Immunostaining was essentially absent over the sperm head and along the entire length of the sperm tail in control samples labeled with GAM-FITC alone (Fig. 1) .
The mammalian sperm head consists of a complex membrane system made up of the plasma membrane, OAM,and IAM, and the associated perinuclear theca. Although confocal microscopy suggested localization of tyrosine-phosphorylated proteins to the plasma membrane overlying the equatorial segment of the sperm head, there was a possibility that underlying membranes and associated structures were also affected. To test this, sperm demembranated with 1% NP-40 after capacitation were examined. NP-40-treated sperm cells previously capacitated for 5 min showed protein tyrosine phosphorylation localized to the equatorial segment region of the sperm head (Fig. 2) . However, labeling was absent along the sperm tail. After 180 min of capacitation, the sperm cells treated with 1% NP-40 maintained the labeling in the equatorial segment, whereas an intense immunoreaction was noted along the midpiece and principle piece (Fig. 2) .
Ultrastructural Localization of Tyrosine-Phosphorylated Sperm Proteins by Immuno-Electron Microscopy
For ultrastructural localization of sperm proteins undergoing tyrosine phosphorylation during capacitation, sperm were capacitated in the presence or absence of eHamOVGP1 for 5 and 180 min using 4 3 10 6 cells per experiment. The two experimental conditions were each repeated thrice. In the sperm head, at 5 min of capacitation, immunogold labeling was found to be associated with the equatorial segment region (Fig.  3A1 ). An increase in labeling of this region was seen when the HAMSTER OVIDUCTIN REGULATES IN VITRO CAPACITATION cells were capacitated in the presence of eHamOVGP1 (Fig.  3A2) . Capacitation for 180 min either in the presence or absence of eHamOVGP1 revealed an increased immunolabeling at the region of the equatorial segment compared to that of the 5-min time point (Fig. 3B1 vs. Fig. 3A1 and Fig. 3B2 vs.  Fig. 3A2 ). However, cells capacitated for 180 min in its presence (Fig. 3B2 ) displayed a pronounced increase in labeling along the equatorial segment region compared to cells capacitated in capacitating medium alone (Fig. 3B1) . In the sperm tail, appearance of a few gold particles along the midpiece tail was observed at 5 min of capacitation either in the absence (Fig. 3C1) or presence (Fig. 3C2 ) of eHamOVGP1. Labeling along the midpiece was also increased after 180 min of capacitation, and, again, the cells capacitated in the presence of eHamOVGP1 showed an increased affinity for immunogold particles along the midpiece (Fig. 3D2 vs. Fig. 3D1 ). It is noteworthy to mention that in both the 5-and 180-min samples, only cross-sectional or longitudinal-section profiles of the midpiece devoid of the plasma membrane showed immunogold labeling, suggesting that proteins of the exposed mitochondrial sheaths are undergoing tyrosine phosphorylation. Results obtained with electron microscopic immunocytochemistry indicate that the plasma membrane enclosing the sperm head and tail was subjected to disruption during the preparation procedure, exposing the underlying structures for labeling by the antibody. As a result, the immunostaining observed in the sperm head and sperm tail revealed by confocal microscopy likely represent labeling of the OAM in the equatorial segment region, the mitochondrial sheath in the midpiece, and dense fibers in the principle piece, respectively. 
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Control samples labeled with protein A-gold complex alone showed a negative reaction (Fig. 3E) .
Immunolocalization of Tyrosine-Phosphorylated Sperm Proteins by the Surface Replica Technique
The surface replica technique was utilized to further define the localization and distribution of tyrosine-phosphorylated proteins at the equatorial segment and along the sperm tail. Sperm capacitated for 5 min with or without eHamOVGP1 showed immunogold labeling over the OAM in the equatorial segment region (Fig. 4, A and B) . A few gold particles at the background level were also observed over the acrosomal region. In its presence, sperm capacitated for 5 min revealed a significant increase in affinity (P , 0.05) for gold particles (138 6 23 gold particles/lm 2 ) as compared to sperm capacitated in its absence (91 6 11 gold particles/lm 2 ). Sperm capacitated for 180 min in the presence of eHamOVGP1 (figures not shown) also showed a significantly increased affinity (P , 0.05) for gold particles (268 6 17 gold particles/ lm 2 ) at the equatorial segment in comparison to that after 180-min incubation in capacitating medium alone (218 6 08 gold particles/lm 2 ). Only a few negligible gold particles at the background level were seen on the control surface replicas of sperm samples exposed to protein A-gold complex alone (results not shown).
Localization of tyrosine-phosphorylated proteins along the sperm tail midpiece showed results corroborating findings obtained with confocal microscopy and electron microscopic immunocytochemistry. Immunogold labeling of tyrosine-phosphorylated sperm proteins in the presence of eHamOVGP1 in the midpiece significantly increased (P , 0.05) during capacitation at both the 5-and 180-min time points (Fig. 4,  C-F) . The density of immunolabeling over the midpiece at 5 min of capacitation was 17 6 04 gold particles/lm 2 in the absence of eHamOVGP1 and 124 6 26 particles/lm 2 in its presence. At 180 min, the density of immunolabeling was 78 6 08 gold particles/lm 2 in the absence of eHamOVGP1 and 155 6 24 gold particles/lm 2 in its presence. Control samples were prepared by exposing sperm previously capacitated for 5 and 180 min to protein A-gold complex alone, and only a few gold particles representing background level were detected (results not shown).
SDS-PAGE and Western Blot Analysis of TyrosinePhosphorylated Hamster Sperm Proteins
Western blot analysis of NP-40 extractable proteins from sperm capacitated for 5, 60, 120, and 180 min in both the presence and absence of eHamOVGP1 showed numerous protein bands with a molecular weight ranging from approximately 15 to 100 kDa. Tyrosine phosphorylation of the NP-40 
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extractable sperm proteins showed a time-dependent increase, with a peak at 120 min in the absence of eHamOVGP1 and at 60 min in its presence (Fig. 5A ). This suggests that in the presence of oviductin, some sperm proteins of the NP-40 extractable fraction underwent an enhancement in tyrosine phosphorylation. This experiment was repeated in triplicate.
The immunoblot of the NP-40 non-extractable proteins (Fig.  5B ) revealed multiple bands, indicating that the NP-40 nonextractable fraction is rich in tyrosine-phosphorylated proteins. A time-dependent increase in protein tyrosine phosphorylation of sperm incubated in either the presence or absence of eHamOVGP1 was also observed. Again, the experiment was repeated in triplicate. Three proteins with molecular weights of 70, 83, and 90 kDa from the NP-40 non-extractable fraction prepared from sperm samples incubated in the presence of eHamOVGP1 showed an increased level of tyrosine phosphorylation (Fig. 5B) . This indicates an enhancement in tyrosine phosphorylation of certain sperm proteins when sperm are exposed to homologous estrus stage-specific oviductin. It is also interesting to note that several NP-40 non-extractable proteins from sperm incubated in the presence of eHamOVGP1 revealed a decreased level of immunoreaction (Fig. 5B) . This reinforces the notion that capacitation is a complex process involving reversible phosphorylation on a number of tyrosinephosphorylated proteins that regulate the protein expression.
Density analysis of the bands undergoing enhancement in the presence of eHamOVGP1 was performed using Image J software. Three representative Western blots of the NP-40 extractable fraction and NP-40 non-extractable fraction were analyzed to determine the mean density (6SEM). Statistical significance was determined using a two-tailed Student t-test and a P , 0.05 confidence level. For the NP-40 extractable fraction, density analysis showed a significant increase in the labeling density of three proteins at 25, 37, and 44 kDa prepared from sperm capacitated in the presence of eHamOVGP1 at 60 min. Interestingly, the labeling density of all three proteins appeared to decrease after the 60-min time point. A significant increase in the level of tyrosine phosphorylation of the 90-kDa protein was found in the NP-40 nonextractable protein fraction recovered from sperm after 120 min of capacitation in the presence of eHamOVGP1 compared to that of the corresponding NP-40 non-extractable proteins from sperm incubated in its absence (Fig. 5B ). An NP-40 nonextractable 83-kDa sperm protein showed a significant increase in tyrosine phosphorylation when capacitated in the presence of eHamOVGP1 at each time point except at 5 min. Capacitation in its presence, however, did not result in a significant increase in tyrosine phosphorylation of the NP-40 non-extractable 70-kDa sperm protein.
Immunoprecipitation of Tyrosine-Phosphorylated Sperm Proteins for MS
Based on the results obtained with Western blot analysis showing the presence of six major bands that appeared to have undergone an enhancement of tyrosine phosphorylation in the presence of eHamOVGP1, accordingly these six bands were chosen for MS analysis. The bands selected for protein identification were obtained by immunoprecipitation of the tyrosine-phosphorylated proteins from both the NP-40 extractable fraction and NP-40 non-extractable fraction (Fig. 6 ). As summarized in Table 1 , the peptide sequencing data from three major phosphorylated protein bands each from the NP-40 extractable fraction, designated S25, S37, and S44 (see also Fig. 5A) , and from the NP-40 non-extractable fraction, designated I70, I83, and I90 (see also Fig. 5B ), were used to search the NCBI database, and matched the following proteins: enolase I variant, ATP-specific-CoA synthetase beta subunit, Succinate-CoA ligase, GDP-forming alpha subunit, zona pellucida binding protein, surface sperm protein (p26h), heat shock protein 90, hexokinase, aconitase 2, and serum albumin precursor. A total of nine high-abundance proteins from the excised bands were identified by MALDI QqTOF MS from the 10% SDS-PAGE gels containing NP-40 extractable and nonextractable sperm proteins.
DISCUSSION
The present investigation was carried out to create an in vitro environment that closely mimicked the in vivo milieu of the female reproductive tract at the time of ovulation in order to elucidate the effect of OVGP1 on sperm capacitation by measuring changes in protein tyrosine phosphorylation (an indicator of capacitation). Using confocal microscopy and the surface replica technique, we showed localization of tyrosinephosphorylated proteins in the equatorial segment throughout the capacitation process. The equatorial segment is a specialized region of the sperm head as it retains its integrity after the acrosome [23] . In the present study, treatment of sperm cells with non-ionic detergent to solubilize the plasma membrane revealed that tyrosine phosphorylation of proteins in the equatorial segment is associated with membrane structures underlying the plasma membrane, such as the OAM. In support of our findings, Jones et al. [41] have recently localized tyrosine-phosphorylated proteins to the OAM in the equatorial 
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segment region of the bull, boar, and ram. They also provided preliminary evidence of a similar labeling pattern in the rat and mouse [41] .
In our study, an increase in tyrosine phosphorylation at the equatorial segment of sperm incubated in a capacitating medium containing eHamOVGP1 was detected as early as the 5-min time point, indicating that its presence had an immediate effect on tyrosine phosphorylation of the proteins. The enhancement of protein tyrosine phosphorylation by eHamOVGP1 is time-dependent, as results obtained with all three techniques employed showed an increase in labeling intensity at 180 min of capacitation. It is noteworthy to mention that immunogold labeling of capacitated sperm was not over the plasma membrane covering the midpiece but rather on the mitochondria where the overlying plasma membrane had been disrupted or removed. The midpiece of the mammalian sperm tail is packed with mitochondria actively producing ATP. The Kreb cycle, which generates ATP, involves tyrosine phosphorylation of structural proteins of the mitochondrial capsule, such as phospholipid hydroperoxide glutathione peroxidase [42] . This premise is supported by our observations of a timedependent increase in phosphotyrosine labeling of mitochondria in the tail midpiece in the presence of eHamOVGP1. Previous studies indicated that mitochondrial proteins undergo posttranslational phosphorylation on tyrosine residues [43] . Members of the Src kinase family [43] and the tyrosine phosphatase Shp-2 [44] were the first tyrosine kinases and phosphatases shown to be located in this organelle, suggesting that tyrosine phosphorylation is involved in mitochondrial ATP production. Taken together, our findings indicate that OVGP1 could play a role in mediating the efficiency of the mitochondrial respiration pathway through tyrosine phosphorylation of mitochondrial proteins during sperm capacitation.
Because sperm are such highly compartmentalized cells, it was decided to treat the cells with non-ionic detergent NP-40 during capacitation in order to analyze tyrosine phosphorylation of extractable and non-extractable sperm proteins. NP-40 solubilizes the plasma membrane, OAM, and IAM, releasing the acrosomal contents. It also partially solubilizes the nuclear envelope and the mitochondrial sheath, presumably releasing some proteins from these membrane structures as well. In the presence of eHamOVGP1, the 70-, 83-, and 90-kDa bands of the NP-40 non-extractable fraction underwent a time-dependent and a further enhancement in tyrosine phosphorylation. 
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Immunoblotting of NP-40 extractable proteins also revealed a time-dependent increase in protein tyrosine phosphorylation. However, their peak in tyrosine phosphorylation was reached 1 h sooner if incubated in the presence of eHamOVGP1. This implies that addition of OVGP1 to the capacitating medium is able to stimulate an earlier onset of the signal transduction events associated with capacitation.
Interestingly, several NP-40 non-extractable proteins displayed a decrease in tyrosine phosphorylation. Affected polypeptides of ;29 and 37 kDa suggest that dephosphorylation of proteins may be a common occurrence. This decrease in immunoreaction was markedly less in sperm capacitated in the presence of eHamOVGP1, leading us to believe that capacitation and the events associated with tyrosine phosphorylation are controlled intrinsically by sperm itself as long as specific requirements are met. This intrinsic control may involve a series of phosphorylation and dephosphorylation that could mediate the preparedness and precise timing required for successful sperm-egg interaction, acrosome reaction, and the subsequent fertilization. Few studies addressed the incidence of dephosphorylation of sperm proteins during capacitation. However, it is known that tyrosine phosphorylation of sperm proteins is reversible so long as induction of the acrosome reaction has not occurred [45] . A study showed that the motility of ejaculated human sperm can be improved by addition of phosphatase inhibitors [25] . Huang et al. [46] showed that compounds similar to phosphatase inhibitors can initiate motility in epididymal sperm, suggesting low protein kinase and high protein phosphatase activities may control sperm motility. Thus, it is conceivable that OVGP1 could somehow activate components of the capacitation-related signaling pathway, such as adenylyl cyclase, cAMP, and PKA, or inhibit phosphoprotein phosphatase.
To further elucidate the role of eHamOVGP1 during sperm capacitation, immunoprecipitation of the proteins showing an increased labeling density when capacitated in the presence of eHamOVGP1 was performed. Immunoprecipitated proteins were excised from the 10% SDS-PAGE gel of the NP-40 extractable (S25, S37, and S44) and non-extractable (I70, I83, and I90) fractions and identified by MALDI QqTOF MS analysis. The functional distribution of these identified proteins is summarized in Table 2 . In the present study, a total of nine identifications were made by way of MS analysis, and four of the proteins identified are known to be involved in the mitochondrial respiration pathway, including enolase I variant, ATP-specific succinyl CoA synthase beta subunit, succinateCoA ligase/GDP-forming alpha-subunit, and aconitase, while a fifth protein, hexokinase, is involved in the glycolytic pathway. Because of the lack of sensitivity and difficulties in identifying proteins undergoing phosphorylation on tyrosine residues, we cannot be certain that the first four proteins were all phosphorylated on tyrosine residues. However, potential tyrosine phosphorylation sites were determined using PRO-SCAN (http://npsa-pbil.ibcp.fr/cgi_bin/npsa_automat.pl?page ¼ /NPSA/npsa_proscan.html) with a similarity level at 100%. ATP-specific succinyl CoA synthetase beta subunit was the only peptide of the four identified proteins involved in the Kreb's cycle that showed the presence of a potential tyrosine phosphorylation site (RDNDKTRY and KSPDDPSRY).
Hexokinase is the first enzyme in the glycolytic pathway and a key regulator of glycolysis [47] , meaning that increased hexokinase activity may enhance the rate of glycolysis and ATP production. A previous in vivo study reported that glycolysis at the level of the fibrous sheath is essential for mouse sperm function [48] . Sequence analysis of hexokinase using PROSCAN revealed one potential tyrosine phosphorylation site (KKIDKYLY). However, Naz et al. [49] reported contradictory evidence claiming that human sperm hexokinase is not phosphorylated at tyrosine residues. This discrepancy between the two species under OVGP1 activation remains to be resolved.
One of the nine identified proteins was serum albumin precursor, which did not show a significant increase in labeling density, although visual analysis suggested an increase in tyrosine phosphorylation when sperm were exposed to eHamOVP1 during capacitation. This is mainly due to the fact that this protein often appears as a result of blood contamination of the sample. MALDI QqTOF MS analysis identified a heat-shock protein HSP-90, in the NP-40 nonextractable protein fraction containing the cytoskeletal elements of the sperm tail. In boar sperm, HSP-90 has been implicated in playing a role in sperm motility [44] . Previous cross-immunoprecipitated experiments confirmed that HSP-90 is tyrosine phosphorylated [50] . Results from PROSCAN identified the tyrosine-phosphorylated sites at RGFEVVY, KHNDDEQY, RLSELLRY, KHNDDEQY, KRGFEVVY, and RRLSELLRY. Another protein identified is p26h, a sperm surface protein abundantly found in the luminal fluid of the proximal region of the hamster epididymis [51] . P26h accumulates on sperm during sperm maturation in the epididymis [52] and is exclusively localized to the covering of the acrosomal cap of mature sperm cells, the membrane domain involved in zona pellcuida binding and fertilization [52] . The last protein identified was the zona pellucida binding protein (Zpbp). This protein has been localized to the acrosomal cap [53, 54] and is named for its binding property to the zona pellucida. Lin et al. [55] studied the in vivo functions of this protein using male mice lacking Zpbp1 and Zpbp2 (paralog of Zpbp1) and found that Zpbp1-null males are sterile with abnormal sperm head morphology and no forward sperm motility. Zpbp2-null mice were found to be subfertile, producing sperm incapable of penetrating the zona pellucida. Since this protein is localized to the sperm head where HamOVGP1 also binds, it is possible that tyrosine phosphorylation of Zpbp is enhanced in the presence of eHamOVGP1 in capacitating medium. In summary, we have provided in the present study, for the first time, results showing the ability of eHamOVGP1 to enhance capacitation by potentiating tyrosine phosphorylation of several sperm proteins known to play specific roles in sperm function, including sperm motility and sperm-egg binding. We believe that the changes seen in phosphotyrosine labeling are due to the effects of OVGP1 on capacitation, since there were no signals detected when sperm were incubated in the presence of eHamOVGP1 in a noncapacitating medium where calcium, bicarbonate, and BSA were omitted. For most of the gel bands, there were still many unknown peptides that did not match any sequence in the NCBI database, although their MS/MS fragmentations were very good. It appears that the complete genome of the hamster has not been sequenced to date, so existing protein sequences in the database are incomplete. Needless to say, high-throughput analysis of tyrosine-phosphorylated proteins using liquid chromatography MS/MS could be a big challenge. Despite the limitations, it appears that inclusion of eHamOVGP1 in a medium supporting capacitation initiates tyrosine phosphorylation at a more efficient rate compared to in vitro capacitation in capacitating medium alone and, thus, represents more accurately the milieu of the female reproductive tract in vivo. At present, the mechanism by which eHamOVGP1 enhances capacitation-associated tyrosine phosphorylation is not known. It would be interesting in the future to determine if OVGP1 has any regulatory effects on the signaling pathway such as adenyl cyclase, cAMP, and PKA. Accumulating evidence has shown that the mammalian oviduct is more than a conduit for the passage of gametes and a the site of fertilization. The present study provides evidence that OVGP1 secreted by the nonciliated oviductal cells further enhances tyrosine phosphorylation of sperm proteins that are essential for sperm motility and sperm-egg binding.
